Herein, we report a flexible high-conductivity transparent electrode (denoted as S-PH1000), based on conducting polymer poly (3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS), and itsapplication to flexible semi-transparentsupercapacitors. A high conductivity of 2673 S/cm was achieved for the S-PH1000 electrode on flexible plastic substrates via a H 2 SO 4 treatment with an optimized concentration of 80 wt.%. This is among the top electrical conductivities of PEDOT:PSS films processed on flexible substrates. As for the electrochemical properties,a high specific capacitance of 161F/g was obtained from the S-PH1000 electrode at a current density of 1 A/g. Excitingly, a specific capacitance of 121 F/g was retained even when the current density increased to 100 A/g, which demonstrates the high-rate property of this electrode. Flexible semi-transparent supercapacitors based on these electrodes demonstrate high transparency, over 60%, at 550 nm. A high power density value, over 19,200 W/kg,and energy density, over 3.40 Wh/kg, was achieved. The semi-transparent flexible supercapacitor was successfully applied topower a light-emitting diode.
Introduction
Future electronic devices, such assupercapacitors, organic solar cells, wearable electronic devices, and mobile phones, are expected to be thin, light, transparent and flexible [1] [2] [3] [4] [5] [6] [7] [8] [9] . Among them, the supercapacitor is attracting increasing attention because of its high power density and short charging time [10] [11] [12] [13] [14] [15] . Especially, semi-transparent or transparent flexible supercapacitors demonstrate more attractive futures due to their great potential as integrated power sources for displays and windows, such as buildings and aerospace vehicles [16] [17] [18] . Therefore, the development of semi-transparent or transparent flexible supercapacitors is of importance for future practical applications. However, developing semi-transparent or transparent flexible supercapacitors with a reasonable capacity, good charge/discharge ability and high power density is still a big challenge [19] [20] [21] .
Fabrication and Characterization of Semi-Transparent Supercapacitors
The detailed preparation procedure and pictures of the semi-transparent flexible supercapacitors are also included in Figure 1 . The H 3 PO 4 -PVA gel electrolyte was prepared by mixing polyvinyl alcohol (PVA) (Mw = 130,000 g/mol; 98-99 mol% hydrolysed, Sigma-Aldrich, Saint Louis, MO, USA) powder (12 g), H 3 PO 4 (12 g) and deionized water (120 mL) together. The mixture was heated to 85 • C with stirring until the solution became clear. Then, the solution was left standing for several hours and cooled to room temperature. Two pieces of the PES/S-PH1000 electrode were immersed into the PVA-H 3 PO 4 electrolyte for 5 min and then assembled into a supercapacitor by sandwiching a PVA-H 3 PO 4 membrane as aseparator. Then, devices were kept in a fume hood to vaporize the excess water. The electrochemical performance was calculatedby gathering cyclic voltammetry (CV) and galvanostatic charging/discharging (GCD) measurements using an electrochemical workstation (CHI 660E, CH Instruments, Shanghai, China). The electrochemical impedance was tested from 1 mHz to 1 MHz with a potential amplitude of 100 mV (Autolab PGSTAT302N, Metrohm Autolab, Netherlands). The cycle life was determined by a battery test system (MTI). The specific capacitance is calculated according to the following equations:
C m = C/m = I∆t/m∆E (2) where C is the total capacitance, C m is the specific capacitance, Iis the discharge current, ∆t is the discharge time, ∆E is the potential window during the discharging process after the IR drop, and m is the weight of the active material. The mass energy density (E) and power density (P) play key roles in the practical application of supercapacitors and can be calculated as follows:
where C m is the specific capacitance of the solid-state device, Iis the discharge current, ∆t is the discharge time, ∆E 0 is obtained by a subtraction between the voltage window and the voltage drop. Figure 1 shows the schematic diagram of preparing the high-conductivity S-PH1000 electrodes and the semi-transparent supercapacitors. The key process to obtain high conductivity on flexible substrates is the optimization of the sulfuric acid (H 2 SO 4 ) treatment. The oxidation and corrosion propertiesof the H 2 SO 4 are strongly dependent on its concentration and processing temperature. Previously, we have demonstrated that flexible substrates (such as PES and PET) are quickly damaged in 98 wt.% H 2 SO 4 when immersed in the solution [35] .However, the H 2 SO 4 treatment with a high concentration is beneficial to achieve high conductivity for PH1000 films. Here, we optimized the concentration of H 2 SO 4 and the processing temperature to compromise the substrate safety and the conductivity of PH1000 films. We reduced the concentration of H 2 SO 4 from 98 wt.% and observed that the substrates were intact when the concentration of the H 2 SO 4 was reduced to 80 wt.%. Therefore, we employed the 80 wt.% H 2 SO 4 to treat the PH1000 films on the PES substrates. Figure S1a demonstrates the conductivity of S-PH1000 films treated under temperatures ranging from 25 to 110 • C. It can be observed that the conductivity was enhanced gradually with the temperature increases. Notably, the PES substrates would not be damaged by 80 wt.% H 2 SO 4 until the temperature increased to 120 • C. Figure S1b demonstrates the conductivity variation with dipping time, from which we can conclude that the optimal dipping time is 3 min. After being treated with 80 wt.% H 2 SO 4 at 110 • C for 3 min, a high conductivity of 2673 S/cm was achieved from PH1000 films, which is among the top values reported to date, especially considering the flexible substrate. Schematic diagrams for the preparation of the S-PH1000 electrode and the flexible semitransparent supercapacitor. Firstly, the PH1000 solution was spin-coated on PES substrate where the polyethersulfonate (PES) substrate was attached to a rigid glass substrate with a polydimethylsiloxane (PDMS) sheet in between. After spin coating, the PES/PH1000 film was peeledoff from the glass/PDMS substrate and heated on a hot plate. Then, the sample was immersed into an 80 wt.% H2SO4 solution at different temperatures to enhance the conductivity. After that, the S-PH1000 electrode was dipped into H3PO4-PVA glue and two pieces of electrodes were assembled to form a flexible semi-transparent supercapacitor. The last picture is the digital photograph of the semitransparent flexible supercapacitor based on S-PH1000 films. Figure 2a demonstrates a comparison of the conductivity and the square resistance of pristine PH1000, 5 wt.% ethylene glycol-doped PH1000 (denote as EG-PH1000) and S-PH1000, from which we can find that S-PH1000 demonstrates the highest conductivity and the lowest square resistance. The XPS spectra of the S-PH1000 film are shown in Figure 2b , from which the PSS ratio was calculated to be 45.3%. This value is much lower than that of the pristine PH1000 of 73.8% [38] .The removal of PSS is beneficial to its air stability and conductivity [38] , andthis is consistent with the high conductivity of 2673 S/cm. Besides, as shown in Figure 2c , the transmittance of the S-PH1000 electrode on PES substrate is over 85% at the wavelength of 550 nm, which demonstrates its high transparency. 
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The electrochemical performance of PH1000, EG-PH1000 and S-PH1000 electrodes were characterized by cyclic voltammetry (CV) and galvanostatic charging/discharging (GCD) tests, utilizing a three-electrode configuration where pristine PH1000 and EG-PH1000 were used as reference samples. Figure 3a -c displays the CV curves of PH1000, EG-PH1000 and S-PH1000 film electrodes at scanning rates between 50 and 500 mV/s under a stable operation potential window between 0.1 and 1.1 V. The pristine PH1000 electrode is demonstrated to have aterrible electrochemical performance while the S-PH1000 electrode shows the best electrochemical properties among these electrodes, which is consistent with the square resistance values. The GCD curves of EG-PH1000 and S-PH1000 electrodes with a 1 V voltage window are shown in Figure 3de , respectively. Figure 3f displays a graphical representation of the specific capacitance of EG-PH1000 and S-PH1000 electrodes as a function of current density. Itcan be clearly observed that the S-PH1000 electrode displays a higher specific capacitance than that of the EG-PH1000 electrode. This could be caused by areduction in PSS that is not electrochemically active in the S-PH1000 electrode. Remarkably, a high specific capacitance of 161 F/g was obtained from the S-PH1000 electrode at a current density of 1 A/g, which is one of the highest values reported so far for PEDOT materials. More importantly, when the GCD current density was increased to 100 A/g, the S-PH1000 electrode maintained a high specific capacitance of 121 F/g, demonstrating the high-rate performance of the S-PH10000 electrode.
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Conclusions
High performance flexible semi-transparent supercapacitors based on high-conductivity conducting polymer PEDOT:PSS electrodes (2673 S/cm) has been reported by optimizing the concentration of sulfuric acid and treated temperature. The resulting S-PH1000 electrode demonstrates a high specific capacitance of 161 F/g at a current density of 1 A/g and maintains a high value of 121 F/g at 100 A/g, ensuring its high-rate property. Lastly, flexible semi-transparent supercapacitors based on S-PH1000 electrodes deliver a high-powerdensity over 19,200 W/kg and a high energy density of 3.40 Wh/kg with a high transparency of over 60%. In addition to supercapacitors, this flexible, transparent electrode is also expected to be applied to other electronic devices (such as organic solar cells and thermoelectric) due to its high electrical conductivity, transparency and excellent flexibility.
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